Fano resonances and bound states in the continuum (BICs) exhibit a rich phenomenology stemming from, respectively, their asymmetric line shapes and infinite quality factors. Here, we show experimentally and theoretically that rod dimer metasurfaces exhibit narrow (high-Q) Fano resonances at THz frequencies. These resonances evolve continuously into a BIC as the rods in each dimer become identical. We demonstrate analytically that this is a universal behavior occurring in arrays of dimers consisting of detuned resonant dipoles. Fano resonances arise as a result of the interference between broad and narrow lattice dipole resonances, with high-Q factors tending to infinity in the detuning parameter space as the narrow lattice resonance becomes a BIC for identical resonant dipoles. Similar configurations can be straightforwardly envisioned throughout the electromagnetic spectrum leading to ultrahigh-Q Fano resonances and BICs of interest in photonics applications such as sensing and lasing.
Introduction.-Narrow resonances in optics and electromagnetism are extremely appealing both from fundamental standpoints (high-Q factors, long-lived states, and energy concentration), and from the obvious implications that the resulting phenomenology may have in photonics applications (e.g. sensing, lasing, non-linear effects, enhanced spectroscopies, etc.). Much interest has been devoted in the particular case of Fano resonances: asymmetric, typically narrow line shapes that arise as the interference of a narrow dark resonance with a broad bright one [1] [2] [3] , the latter being a continuum in the context of atom physics as introduced by Fano. Among the variety of configurations that exhibit Fano resonances [4] [5] [6] [7] [8] , sub-wavelength arrays of scatterers called metasurfaces are especially interesting for their enhanced collective response, favoring experimental feasibility and applications [2, 3, [9] [10] [11] [12] .
Other type of resonant states, not necessarily asymmetric, called bound states in the continuum (BICs), have attracted much interest lately in Physics for their (theoretically) infinite Q factor. These states are leaky modes that in a certain limit of some parameter space cannot couple to any radiation channel [13] . In order to trap light in such nearly-zero-linewidth electromagnetic modes in photonics, a common approach is to exploit metasurfaces [14] [15] [16] [17] [18] [19] , i.e. sub-wavelength arrays (in the non-diffractive region) where only the specular reflection/transmission channels are allowed by symmetry. Such specular channels can be suppressed by tuning the parameters of the system in various manners, leading to symmetry-protected BICs. In turn, achieving robust BICs and quasi-BICs can be of interest for engineering cavities with arbitrarily high Q-factor for lasing [20, 21] .
The condition for BICs can be fulfilled by designing an appropriate metasurface that exhibits high quality modes, which can be continuously tuned through a suitable parameter. An elegant system that we propose to study with those properties is a lattice of gold rod resonators. Sub-wavelength metallic rods are shown to have dipolar-like λ/2-resonances, leading to a variety of resonant phenomena such as surface plasmon lattice resonances in the optical domain [22] [23] [24] [25] [26] [27] [28] and electromagnetically-induced transparency at optical and THz frequencies [29] [30] [31] [32] [33] [34] [35] [36] .
Here, we experimentally demonstrate that metasurfaces consisting of asymmetric, sub-wavelength gold rod dimers, exhibit strong and narrow Fano resonances in the THz transmission spectra. Such Fano resonances become narrower as the dimensions of the dimer rods approach each other, disappearing when rods are identical as a clear signature of BICs. Apart from full numerical calculations in agreement with the experimental results, a simple model for arrays of detuned-resonant-dipole dimers is developed. Hereby, we show analytically that such arrays hybridize both dipolar resonances in the form of broad and narrow lattice resonances, whose interference leads to asymmetric Fano resonances in the zero-order transmittance. This dark Fano resonance is shown in the parameter space of dipole-detuning to get infinitely narrow, becoming an infinite-Q BIC for zero detuning. These calculations fully explain the experimental results in this wider theoretical context of detuned-dipole arrays.
Experiments.-Using optical lithography, metal deposition, and lift-off, we have fabricated samples containing 2D periodic lattices of gold rods on top of a 1.5 mm thick amorphous quartz substrate. These samples were clamped against another 1.5 mm substrate with index matching liquid in between to suppress unwanted reflec-tions, making the total sample thickness 3 mm. Before the thermal evaporation of the 100 nm gold layer, a 3 nm Ti adhesion layer was deposited. All the samples consist of 2D periodic lattices of two gold rods per unit cell. The lattice has a square symmetry with a pitch of a = b = 300 µm in both directions. One of the rods has a fixed dimension of 200 µm × 40 µm, while the dimension of the other rod is different for each sample that is investigated. The long dimension of the rods is aligned with the y-axis, and the rods inside the unit cell are separated by a distance d x along the x-axis. Both rods of the unit cell support λ/2-resonances in the THz range, given by their length. The resonance frequency is controlled by the long axis of the rods, so we classify each lattice by the length of the second rod, L 2 , covering the range L 2 = 125 − 250 µm in steps of 25 µm while keeping L 1 = 200 µm constant.
Two different sets of samples have been measured, with separation between rods fixed at d x = 120 and 150 µm. THz transmittance spectra of these samples have been measured at normal incidence using a 4-f far-field THz time domain spectrometer (Menlo TeraK15). The transmittance of the lattices for different L 2 is shown in Fig. 1(a) . Numerical simulations calculated through SCUFF [37, 38] (open-source software package for analysis of electromagnetic scattering problems using the method of moments) are shown in Fig. 1(b) , corresponding to transmittance spectra at normal incidence for the same geometrical parameters, but considering gold rods as planar perfectly conducting rectangles embedded in a uniform medium with n = 1.55 (the average of those of air and the supporting quartz substrate [39] ). There is a shift between the Fano resonances simulated and the measurements, which can be corrected by slightly adjusting this refractive index. Good qualitative, and nearly quantitative, agreement is observed between the measurements and the simulations.
The more relevant feature in Fig. 1 is that for L 2 = 200 µm all spectra present a strong Fano resonance with a narrow asymmetric line shape, with a high contrast approaching zero-to-total transmittance. The resonance moves toward smaller frequencies as L 2 is increased, and disappears for L 2 = 200 µm. In addition, as the rods become more similar in size, the resonance becomes narrower; it should be mentioned, though, that the resonance narrowing is not clearly visible in the measurements for L = 175, 225 µm due to the limited frequency resolution in the measurements. The Fano resonance can be understood in terms of the lattice resonances that the array supports: a bright, broad symmetric mode and a dark, narrow antisymmetric mode [34] . The symmetry of these modes is preserved in the lattice and they interfere either destructively or constructively, producing a characteristic dip/peak pair in the spectra. Moreover, the dark mode becomes inaccessible at L 2 = 200 µm and the interference disappears; as we will show below, the width of the resonance thus tends to zero, leading to a BIC that cannot be detected in the far field.
However, it should be noted that, when d x = 150 µm, the BIC state is connected to the guided mode that the lattice supports. Indeed, for L 2 = 200 µm both rods are identical, so that the array becomes a single rod lattice with lattice constant halved along the x-axis (recall that the lattice pitch is 300 µm). We call this condition as the "symmetric lattice". The Brillouin zone (and the reciprocal primitive vectors) is doubled when d x = a/2 and the guided mode (below the light line) is linked to the BIC (above the light line). Furthermore, the number of resonances that the lattice supports can be associated to the number of particles per unit cell. For the identical symmetric lattice, i.e. one particle per unit cell or L 2 = 200 µm and d x = 150 µm, there is only a bright (symmetric) mode. Therefore, for the symmetric lattice it is difficult to relate the BIC with a real state.
Nonetheless, for a lattice with d x = 120 µm, where the symmetric lattice is not recovered at L 2 = 200 µm for equal rods, the same details hold. The BIC is no longer directly connected to any guided mode, so that the system has two well defined lattice modes and a true BIC emerges. This is further verified through numerical calculations at oblique incidence (see Supplemental Figure S1 ), which reveal a Fano resonance emerging for equal rods only in the case of the asymmetric lattice (d x = 2a/5); yet another evidence of the true BIC behavior. Interestingly, if we calculate the scattering efficiencies of the isolated dimers (see Supplemental Figure S2 for three cases), the spectra reveal roughly speaking two broad lobes corresponding to the (bright) dipolar resonances of the two rods (see also the insets in Supplemental Figure S2 for L 2 = 125 µm). However, significant interference between them is observed in the dimer spectra, which do not correspond to simply a linear combination of the isolated spectra of each rod. Rather, rod interference leads to a stronger/weaker impact of the higher/lower frequency rod resonance (apart from their opposite phases, not shown), as expected [30] . Still, to explain the two (bright and dark) array modes shown in Fig. 1 , the impact of the lattice has to be fully accounted for.
Theoretical model.-To shed light onto the rich phenomenology that arises in the dimer arrays, we developed a simple coupled dipole-dimer model of an infinite array embedded in a homogeneous environment [40] . Dipoles are fully characterized by their polarizabilities along the y-axis, namely α (1) y and α (2) y , where (1) and (2) account for each dimer dipole in the unit cell. The array is excited by an external plane wave, ψ 0 being its electric field polarization along the y-axis. Upon imposing Bloch's theorem, the problem is reduced to finding the fields in one unit cell. The local field at the position of the dipoles, ψ (i) loc , with i = 1, 2, can be found through a self-consistent field equation
where
0 is the incident field on dipole i = 1, 2, ← → I is the identity matrix, ← → α is the polarizability tensor and ← → G b is the lattice depolarization dyadic (or return Green function)
G byy describes the self-interaction of each dipole array, i.e., the depolarization effect of (1) over (1), same as the effect of (2) over (2). G (1) in the absence of the external plane wave. To solve it, we diagonalize the system and find the condition at which the eigenvalues, Λ, are equal to zero. At real frequencies, the zeros of the real part of Λ give the resonance frequencies, whereas the imaginary parts define the resonance widths. Recall that the imaginary components of ← → G b and ← → α (for lossless particles) are well defined and satisfy the following condition
where we define the magnitudes
∆α y thus representing the detuning between the two rods in the unit cell (introduced in the experiments by changing the size of one rod). For a small detuning, ∆α y 2G
(1−2) yy , the imaginary components of the eigenvalues can be approximated by
Finally, the corresponding eigenvectors are given by
The lattice resonances are associated to two modes in which the rods are out-of-/in-phase (antisymmetric/symmetric). From Eq. (5a), it follows that the imaginary part of Λ + goes to zero as the detuning is suppressed, i.e. as the two rods are made equal. Hence, as expected, the out of phase mode Λ + is very narrow and becomes a BIC at zero detuning. On the other hand, [Λ − ] is always larger than zero, so that the in-phase mode is broad. Therefore, for
y ) we have a broad mode that interferes with a very narrow mode, leading to a Fano resonance. For L 1 = L 2 , the narrow mode converges into a BIC state, precluding any external coupling to it and the formation of the dip in transmission.
Although we have considered that the rods are separated along the x-axis, if there is also an additional displacement along the y-axis, given by d y , Eq. (3) still holds. Moreover, this identity is also valid for non-square lattices where a = b. Hence, Eq. (3) is universal, as long as there is no coupling involving higher multipoles, and holds for: (i) any set of lattice constant parameters, a and b; and (ii) any relative displacement between dipoles inside the unit cell, not only along the x-axis, but extensive to the full xy plane. Therefore, a major conclusion is that the BIC state is symmetry-protected and robust against changes in the specific lattice parameters: a, b,
Let us now analyze the Fano-BIC transition using our coupled dipole-dimer model. We plot in Fig. 2(a,c) the spectra of the transmission coefficient (T = 1 − R 0 ) intensity and phase, for a square lattice (lattice constant a = b = 300 µm) with two dipoles per unit cell, separated by a distance of d x = 120 µm for varying L 2 ; cuts for fixed lengths are shown in Fig. 2(b,d) . The polarizability of the rods is calculated through SCUFF [37, 38] , considering the rods as perfect electric conductors [see Supplemental Fig. S2(b) ]. In order to avoid numerical problems related to unphysical absorption, we consider lossless dipoles and fix the imaginary parts of the polarizabilities to 1/α (i) y = −k 3 /(6π) to fulfill the optical theorem, taking for the real parts the values calculated numerically. Figure 2 shows that the coupled dipole-dimer model reproduces all the features exhibited in Fig. 1 , fully extending the characterization of the BIC into the L 2 -parameter space. Remarkably, the contour map in Fig. 2(a) reveals the classical narrowing of the leaky resonance (Qfactor tending to infinity) towards a BIC state, with the distinct feature that the resonant state [surface lattice dipole resonance with an abrupt π-phase jump shown in the contour map in Fig. 2(c) ] manifests itself as a narrow Fano resonance instead. Transmittance spectra (intensity and phases) are shown in Fig. 2(c,d) for given L 2 = L 1 illustrating this Fano-like behavior that disappears at L 2 = L 1 as a signature of the BIC. To shed more light onto the phenomenology, we show in Fig. 3 the amplitudes (ψ (1) loc , ψ (2) loc ) and phases (φ
loc ) of the local fields over the dipoles, for the dipole dimer corresponding to L 2 = 150 µm. At low frequencies, both dipoles are driven in phase. At ν = 0.38 THz, coinciding with the zero of the field of one dipole, ∆ψ presents a discontinuity and the phase difference becomes maximum (rods out of phase, with a high dispersion in both). The field amplitudes are enhanced and, indeed, exhibit a resonant lineshape, corresponding to the dark lattice resonance, where the Fano asymmetric lineshape emerges in the far field. Then at ν = 0.48 THz, upper-frequency end of the Fano resonance, ∆ψ presents another discontinuity exactly at the zero of the field amplitude of the other dipole, see again Figs. 3; for higher frequencies the phase difference vanishes and the dipoles are in phase again. Thus, at given frequencies at the lower/upper band of the Fano reso- nance, the fields at the long/short rods are strictly zero, manifesting the strong interaction that exist between the different rods near resonance. In addition, the local field is enhanced by more than a factor of three in both rods. For values of L 2 closer to L 1 , these features become more prominent. At L 2 = L 1 , both dipoles are equal and the anti-phase behavior is not allowed, so that the field amplitude/phase at both rods is identical [cf. Figs. 3(a,b) ], with no evidence whatsoever of a Fano resonance, thus becoming a BIC [as shown in Fig. 2(a,b) ].
To reveal even more neatly the BIC behavior, we show a near-field map in Fig. 4(a) ]. In Fig. 4 (a) the excitation with a point dipole is radiated to the far field almost immediately, the near field map revealing that only the rod dimer adjacent to it is excited; in particular, the resonant rod with L 1 = 200 µm, as expected. By contrast, the near field for equal rod dimers is effectively trapped in the BIC mode as shown in Fig. 4(b) : many dimers in the lattice are resonantly excited, with the expected opposite phase for each rod within the (dimer) unit cell that precludes out-of-plane radiation losses.
Conclusions.-We have shown experimentally through the THz transmission spectra that metasurfaces consisting of asymmetric, sub-wavelength gold rods exhibit strong Fano resonances, which become narrower as the dimensions of the rods approach each other, turning into BICs when they are identical. Such experimental results have been fully explained in the theoretical context of detuned-dipole arrays. This evolution manifests through a spectral map in the (detuning) parameter space with asymmetric Fano lineshapes tending to an infinite Qfactor as the condition for the BIC emergence is approached. In addition, it is explicitly shown that the condition to support a BIC is independent of both the relative position between rods inside the unit cells and the lattice constants (provided that no diffractive orders come into play). Hence, these properties make an array of detuned dipoles a general scenario to engineer robust and versatile metasurfaces supporting Fano resonances and bound states in the continuum throughout the electromagnetic spectrum, with appealing implications in sensing, lasing, and related phenomenology. Finally, bear in mind that the formalism and phenomenology of our coupled detuned-dipole model could be extrapolated to other fields of wave physics with arrays of dipolar scatterers, such as acoustic, elastic, seismic and even atom waves.
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